MATERIAL AND METHODS

Synthesis of Lipid-anchor Mimic.
General methods. All chemicals were reagent grade and purchased from Nacalai tesque.
All reactions were monitored by TLC on Silica Gel 60 F254 precoated glass slides (Merck). The reactions were monitored by examination under UV light (254 nm) and/or by charring with 5% 12molybdo(VI)phosphoric acid in EtOH. Flash column chromatography was performed on silica gel (Silica Gel 60 mesh 230-400 or spherical, Nacalai).
1 H, 13 C, and h at room temperature and was extracted with AcOEt. The organic phase was successively washed with aqueous 5% citric acid, aqueous NaHCO3 and brine, dried over MgSO4, and concentrated in vacuo. The obtained crude product (740 mg) and ethanolamine (384 µL, 6.3 mmol) in CH2Cl2 (20 mL) was stirred at room temperature overnight. The mixture was extracted with AcOEt and the organic phase was washed with aqueous 5% citric acid and brine, dried over MgSO4, and concentrated in vacuo.
The obtained crude product was purified by SiO2-column chromatography (MeOH/CHCl3 1/20 → 1/10) to give the desired product 1 (720 mg, 89%) as a colorless 59, 169.44, 156.78, 136.03, 128.50, 128.22, 128.01, 70.77, 70.32, 70.10, 69.89, 67.12, 61.46, 44.32, 41.38, 39.19; for C18H38N3O7 [M+H + ] found 398.191, calcd 398.193 .
O NC 3-O-((12-(benzyloxycarbonylglycyl)-3,12-diaza-6,9-dioxa-4-oxo-dodecanoxy)(2-cya noethoxy)phosphoryl)-1,2-O-dimyristoyl-sn-glycerol (2). To a solution of 1,2-O-dimyristoyl-sn-glycerol (930 mg, 1.81 mmol) [S1] and 1H-tetrazole (165 mg, 2.36 mmol) in CH2Cl2 (5 ml), a solution of 2-cyanoethyl N,N,N,N-tetraisopropylphosphorodiamidite (710 mg, 2.36 mmol) in CH2Cl2 was added. [S2] The reaction mixture was stirred for 1 h at room temperature, followed by the addition of a solution of 1 (720 mg, 1.81 mmol) in CH2Cl2 (10 mL), and 1H-tetrazole (210 mg, 3 mmol) under an Ar atmosphere. After the mixture was stirred for 1 h at room temperature, mCPBA (467 mg, 2.72 mmol) was added. The mixture was stirred for an additional 1 h at room temperature, and it was extracted with AcOEt. 172.89, 170.56, 169.33, 156.57, 136.34, 128.53, 128.18, 128.04, 116.42, 70.87, 70.41, 70.16, 69.84, 69.24, 69.20, 67.43, 67.37, 66.09, 62.40, 62.35, 61.52, 44.38, 39.16, 38.99, 38.93, 34.11, 33.97, 31.90, 29.63, 29.48, 29.34, 29.28, 29.11, 29.08, 24.82, 22.67, 19.62, 19.55, 14 173.28, 170.75, 166.75, 70.84, 70.36, 70.20, 70.18, 69.74, 69.49, 64.61, 63.87, 62.66, 41.02, 39.67, 39.39, 34.25, 34.08, 31.91, 29.70, 29.55, 29.35, 29.19, 24.93, 24.86, 22. Protein subcloning, expression, and purification.
We used Prod1 lacking the N-terminal signal sequence (first 18 residues). Prod1 has nine cysteine residues and forms four S-S bonds; Cys60 does not form an intermolecular disulfide bond. If Prod1 dimerizes through Cys60, it becomes difficult to prepare anchored Prod1 at protein to anchor ratio of 1:1. In order to avoid this drawback, Cys60 was mutated to Ser (C60S). The C60S construct was kindly donated by Prof.
Brockes at University College London. For the enzymatic coupling reaction catalyzed by Sortase A, a C-terminal LPETGGHHHHHH linker was fused to the Prod1(C60S)
sequence. The DNA sequence corresponding to the Prod1-LPETGGHHHHHH construct was subcloned from a construct of the C60S mutant (LKCFTRNGDD RTVTTCAEEQ TRCLFVQLPY SEIQECKTVQ QCAEVLEEVT AIGYPAKCCS EDLCNRSEQ). The DNA sequences were PCR amplified using corresponding primers, and this mutant was used as the template DNA. The amplified genes were ligated back into the pET21a vector (Novagen) using the NdeI and BamHI restriction sites (New
England Biolabs). Transformed SHuffle competent E. coli cells (New England Biolabs)
were grown at 37C in either M9 minimal medium or Luria-Bertani (LB) medium containing 100 µg/ml carbenicillin. For NMR measurements, M9 medium was used for uniform 15 N labeling with 15 NH4Cl and 15 N-13 C labeling with 15 NH4Cl and 13 C6-labeled glucose, which served as the sole nitrogen and carbon sources, respectively. LB medium was used for unlabeled samples in the microscopic analyses and dynamic light scattering (DLS) measurements. Protein expression was induced at 16C by the addition of isopropyl-1-thio--D-galactopyranoside (IPTG) to a final concentration of 0.5 mM with continued incubation for about 1 day. Cells were harvested by centrifugation, resuspended in buffer (50 mM Tris-HCl, pH 7.6, 200 mM NaCl), and lysed by sonication. The supernatant was purified using TALON metal affinity resin (Clontech).
Solid DTT was added to 5 mM, the pH was adjusted to pH 8.5, and the solution was incubated overnight at 37C. The protein was then refolded at 4C by dialysis against redox oxidation folding buffer (50 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 1 mM GSH/0.1 mM GSSG) for about 1 week, with changing of the dialysis buffer every day.
The sample was purified by HPLC with a water/acetonitrile gradient in the presence of 0.1% (v/v) TFA at 40C ( Figure S3a ). Correctly folded Prod1 exhibited a shorter retention time (30% acetonitrile) than misfolded Prod1 (32-40% acetonitrile). Therefore, the eluates containing correctly folded Prod1 were pooled and lyophilized. Prod1 was finally purified on a Resource Q anion exchange column (GE Healthcare) with 50 mM phosphate buffer (pH 7.4) using a linear NaCl gradient from 50 to 500 mM. Purified
Prod1 exhibited a single peak in the gel filtration profile ( Figure S3b ) and a single band on SDS-PAGE ( Figure S3c ).
The DNA sequence corresponding to the GB1-LPETGGHHHHHH construct was subcloned from a GB1-GSMNGSSGSC construct used in a previous study.
[ S3] The mutant was generated using a KOD-Plus-Mutagenesis kit (Toyobo). Mutated GB1 was further expressed in E. coli and purified as previously described. [S3] The Sortase A construct was kindly donated by Prof. Kondo at Kobe University.
Bacterial overexpression and purification of Prod1 was performed according to a previous report.
[ S4] Sample preparation for NMR analysis of Prod1 and GB1 anchored to bicelles.
Anchor-containing bicelles were prepared as described previously. [S3] Bicelles were prepared at a 25% (w/v) concentration and a DMPC to anchor to DHPC molar ratio of 3:0.06:1 in reaction buffer (50 mM Tris-HCl, pH 7.6, 200 mM NaCl, and 5 mM CaCl2).
Sortase A-mediated chemoenzymatic coupling was used to attach Prod1 to the anchors.
The Prod1, bicelle, anchor, and Sortase A concentrations in the reaction mixture were 0.33 mM, 109 mM (total lipid), 3.17 mM, and 13 M, respectively, in a total volume of 785 l. The constituents were incubated at 37C for 16 h. After the coupling reaction, uncoupled Prod1, cleaved Prod1 C-terminus, and Sortase A were removed by loading the reaction mixture onto 0.5 ml of TALON metal affinity resin (Clontech). Each resulting fraction was analyzed by HPLC using a C4-packed HPLC column (46 × 150 mm, Waters), and the fraction containing Prod1 anchored to bicelles was concentrated using an Amicon ultracentrifugal filter. The buffer was then substituted with NMR buffer (50 mM potassium phosphate, pH 6.0, 200 mM NaCl) using the same filter. The protein concentration was determined using a CBQCA Protein Quantitation kit (Molecular Probes). Finally, a 90-µl bicelle sample containing 134 µg of anchored Prod1 was obtained. Bicelle-anchored GB1 was prepared in a similar manner.
Sample preparation for NMR analysis of Prod1 anchored to liposomes
Anchor-containing MLVs (DMPC to anchor ratio of 50:1; 97 mg DMPC and 3 mg anchor) were prepared and transformed to 100-nm LUVs using an extruder (Avestin).
LUVs containing lipid-anchor mimic, 2.0 mg Prod1, and 0.8 mg Sortase A were mixed and scaled up to 6 ml with reaction buffer. The mixture was then shaken at 180 rpm at Because the acyl bonds at the sn-1 and sn-2 positions of the anchor are readily hydrolyzed at pH <2, the eluted anchored protein sample was immediately neutralized with aqueous ammonia and subsequently lyophilized. The structure of the obtained sample was confirmed by MALDI-TOF-MS.
Anchored Prod1 was reconstituted into liposomes as follows. The liposomes were prepared as described previously. [S5] A suspension of DMPC liposomes (12.5 mM, 
Fluorescent labeling of Prod1 and GB1.
Prod1 and GB1 were labeled as follows. Prod1 (2.8 × 10 −2 mol) in buffer (10 mM HEPES, 50 mM KCl) was mixed with Cy7-NHS (GE Healthcare) dissolved in dimethyl sulfoxide (Prod1 to Cy7-NHS ratio of 1:10) and incubated for 16 h at 4°C. The reaction was terminated by adding 10 µmol of glycine. Cy7-labeled Prod1 (Cy7-Prod1) was purified by size exclusion chromatography (column: Superose 12) with HEPES buffer at room temperature. The collected Cy7-Prod1 fraction contained 5.2 µM Prod1, and the dye to Prod1 ratio was 0.44. Cy7-GB1 was prepared in the same manner, and the resulting dye to GB1 ratio was 0.41.
Fluorescence microscopy.
A patterned supported planar bilayer (SPB) with two regions (a polymer-free region
[R0] and partially polymeric region [R1]) was prepared as described previously. [S6] After In the presence of reaction buffer (50 mM Tris-HCl, pH 7.6, 200 mM NaCl, and 5 mM CaCl2), Prod1-Cy7 (10.2 pmol) was introduced onto the SPBs, then 15.6 pmol (3.6 mg/ml × 10 µl) of Sortase A was added to start the conjugation reaction. After 10 min, the Sortase A and unreacted Prod1-Cy7 were completely removed by rinsing with PBS (10 mM sodium phosphate, pH 7.0, 150 mM NaCl) 10 times. After incubation for 1 and 17 h, attachment of Prod1-Cy7 was observed by total internal reflection fluorescence microscopy (TIRFM) using a TE2000-V instrument (Nikon, Tokyo, Japan) equipped with a near-infrared laser diode (SL750 nm 100T; Shanghai Sail Laser, Shanghai, China) (Figure 3a -c). Images were acquired using an electron-multiplying charge-coupled device camera (C9100-12; Hamamatsu Photonics, Hamamatsu, Japan) at 33 frames s −1 and 131 nm pixel −1 spatial resolution. During the observation, 2.5 µg/ml glucose oxidase, 2.5 µg/ml catalase, and 70 µg/ml glucose were added to the buffer solution to minimize photobleaching. [S6] The partitioning of anchored proteins in the Lo and Ld phases (raftphilicity) was evaluated using the following protein concentrations: Prod1,  x 10 -7 M; GB1, 9.1 x 10 -8 M; Sortase A, 1.3 x 10 -6 M. The results of microscopic observations are shown in Figure S4 . The Lo/Ld partition coefficient was calculated from the experimentally obtained R0/R1 partition, as reported previously. [S6] To observe the trans interaction (Figure 3d-f) , non-labeled Prod1 (0.16 mg/ml) was first added to be anchored onto the patterned membrane using Sortase A. After complete removal of the Sortase A and unreacted Prod1 by rinsing 10 times with reaction buffer, the SPB was incubated up to 17 h. A solution containing Cy7-Prod1 (0.27 M) was then added and incubated for 3 min. After completely rinsing to remove unbound Cy7-Prod1, the Cy7-Prod1 remaining on the membrane resulting from the trans interaction between non-labeled Prod1 on the membrane and Cy7-Prod1 in solution was measured by TIRFM. For this experiment, R1 comprised fully polymerized DiynePC bilayers, whereas R0 was composed of DOPC/DPPC/Chol/anchor/GM1/rhodamine-DOPE.
DLS measurements.
DMPC liposomes (460 µM) reconstituted with 20.5 µM anchored Prod1 (DMPC to Prod1 ratio of 22:1, 4.35 ml in total) prepared as described above were transformed to 100 nm diameter LUVs using an extruder (Avestin) and then ultracentrifuged (165,000g
for 1 h). After incubation at 37C for 6 days, the pellet was dispersed with 500 µl of NMR buffer. As a control, DMPC liposomes without anchored protein and reconstituted with anchored GB1 (DMPC to GB1 ratio of 22:1) were processed in the same manner.
DLS measurements were carried out at 30C using a Nano Particle Size Analyzer (SZ-100, Horiba Scientific, Japan) with a 10 mW He-Ne laser emitting at 532 nm.
Samples (500 µl) were placed in disposable acrylic cuvettes with a 1.0-cm path length.
Scattered light was detected at 90 and 173 of the incident beam using an APD detector.
The hydrodynamic radius values were calculated using the Stokes-Einstein equation.
Signal assignment by solution NMR.
For the sequential assignment of the 13 [S7] program was used for data processing, and the programs KUJIRA [S8] and NMR View [S9] were used for signal assignment.
Solid-state NMR measurements.
All solid-state NMR spectra were acquired on a Bruker Avance III 600 spectrometer (Bruker Biospin, AG, Switzerland) equipped with a narrow-bore magnet operated at a resonance frequency of 150. C CP measurement were performed using a ramped (from 50 to 100%) spin-lock pulse on the 1 H channel and square contact pulse on the 13 C channel with a 2 ms contact time. In the 2D 13 C-
13
C DARR experiments, a rotary resonant 1 H field (13 kHz) was applied during the DARR mixing period. The actual temperature in the sample under MAS was calibrated using chemical shift differences between the water and methyl peaks in the hydrated DMPC sample. All temperatures quoted are calibrated temperatures. Chemical shifts were externally referenced to sodium 2,2-dimethyl-2-silapentane-5-sulfonate using the methylene signal of adamantane (40.48 ppm).
[S11]
Modeling the structure of Prod1 aggregates.
No experimental information regarding direct inter-molecular interactions between
Prod1 molecules is currently available. Therefore, a theoretical model of Prod1
aggregates was constructed using knowledge-based modeling and docking simulations, as follows.
Complement receptor CD59, a homolog of Prod1 (24% amino acid sequence identity), is also GPI-anchored and known to interact with the cytotoxic pore-forming protein intermedilysin (ILY) [S12] . CD59 and ILY are believed to form a ring-shaped complex on the cell membrane. Because CD59 and Prod1 are GPI-anchored on the membrane, up (far membrane side) and down (near membrane side) directions are definable on the molecules. In addition, the 'height' from membrane surface should be uniform among subunits (Figure 5a ). It would be reasonable to assume that these parameters are similar between CD59 and Prod1. Initially, therefore, we superimposed Prod1 molecules onto CD59 subunits in a proposed ring-shaped complex. However, CD59s, and superposed Prod1s also, were interacted poorly to each other in the complex due to the insertion of ILYs between CD59s.
To obtain a reasonable interaction model for Prod1, the interaction between two Prod1 molecules (Prod1 dimer) was predicted using ab initio docking simulations, and the docking pose that interacted with a similar orientation as Prod1 superimposed onto CD59 in the ring-shaped complex was selected. A total of 20 NMR models were proposed for the Prod1 NMR structure, [S13] and all (20 × 20) combinations were analyzed using ZDOCK (ver. 3.0.2). [S14] In order to obtain the maximum number of poses in a 15° angular sampling and randomized starting structure orientation, the number of models and random seeds were set to 3,600 (option-N, 3,600) and 1 (option-S, 1), respectively. Thus, a total of 3,600 × 20 × 20 = 1,440,000 docking poses were generated.
Three angle parameters (,  and ) were defined to quantify the similarity of the molecular orientations ( Figure S5 Histograms of the number of Prod1 consisting of the aggregates for anchored Cy7-Prod1 (c) and Cy7-GB1 (f). The aggregation number was estimated from the product of the fluorescence intensity and area for each particle. The smallest particles were assumed to be monomers. White: 1-h incubation; light blue: 17-h incubation. 
